The fungus Geomyces destructans is the causative agent of white-nose syndrome (WNS), a disease that has killed millions of North American hibernating bats. We describe a real-time TaqMan PCR test that detects DNA from G. destructans by targeting a portion of the multicopy intergenic spacer region of the rRNA gene complex. The test is highly sensitive, consistently detecting as little as 3.3 fg genomic DNA from G. destructans. The real-time PCR test specifically amplified genomic DNA from G. destructans but did not amplify target sequence from 54 closely related fungal isolates (including 43 Geomyces spp. isolates) associated with bats. The test was qualified further by analyzing DNA extracted from 91 bat wing skin samples, and PCR results matched histopathology findings. These data indicate the real-time TaqMan PCR method described herein is a sensitive, specific and rapid test to detect DNA from G. destructans and provides a valuable tool for WNS diagnostics and research.
INTRODUCTION
Geomyces and related teleomorphs, the relationships of these fungal isolates to G. destructans has not been phylogenetically defined. Thus, specificity of the ALR test for use with environmental samples containing Geomyces spp. closely related to G. destructans (Lindner et al. 2011 , Lorch et al. 2013 ) remains unknown. In addition, the ALR test targets a gene that likely exists only as a single copy, which may reduce sensitivity compared to a PCR test targeting a multicopy gene region.
The goal of this study was to develop a highly specific real-time TaqMan PCR test with greater sensitivity than existing tests to detect DNA from G. destructans. The intergenic spacer (IGS) region of the rRNA gene complex was chosen as the target for this test due to its high copy number and its interspecific sequence variability compared to other portions of this gene region (Jackson et al. 1999 ).
MATERIALS AND METHODS
Fungal culture and DNA extraction.-Fungal isolates were grown as pure cultures on Sabouraud dextrose medium (BD Diagnostic Systems, Sparks, Maryland) incubated at 7 C. Genomic DNA (gDNA) was extracted from fungal isolates with three methods. To produce high purity gDNA from the type isolate of G. destructans (American Type Culture Collection number ATCC MYA-4855) for generation of standard curves, fungal biomass (approximately 800 mg) grown in liquid Sabouraud dextrose medium (BD Diagnostic Systems) was washed twice with 1 mL sterile deionized water, then ground approximately 10 min in liquid nitrogen to yield a fine powder. Genomic DNA extraction was initiated with a commercial kit (GentraH PuregeneH Genomic DNA Purification Kit, QIAGEN Inc., Valencia, California) according to the manufacturer's instructions for cell lysis, proteinase K digestion, and RNase treatment steps except the amount of proteinase K was increased to 20 mg/ mL (final concentration). Genomic DNA from the resulting lysate was further purified with a second kit (OmniPrep TM for Fungi, G-Biosciences, Maryland Height, Missouri) following the manufacturer's instructions beginning at the chloroform extraction step. Concentration of type isolate gDNA was measured with the Quant-iT TM High-Sensitivity DNA Assay Kit (Invitrogen, Carlsbad, California). Genomic DNA was extracted from nine additional isolates of G. destructans (for PCR and DNA sequencing applications) using the OmniPrep TM for Fungi kit (G-Biosciences) according to the manufacturer's instructions. Genomic DNA also was extracted from a group of near-neighbor fungi consisting of 54 isolates (TABLE I) , including 40 identified as congeneric with G. destructans based on analysis of ITS sequences by Lorch et al. (2013) . An additional three isolates, cultured according to the methods of Lorch et al. (2010) and identified as Geomyces spp. based on ITS sequence analysis, also were included. These three isolates were cultured from animals collected in 2010, including a tricolored bat (Perimyotis subflavus) from Tennessee, a silver-haired bat (Lasionycteris noctivagans) from Tennessee and a tricolored bat from Wisconsin. Genomic DNA extractions for these 54 isolates were conducted with the protocol of Lindner and Banik (2009) with reagent volumes modified proportionally for use with eight-well 0.2 mL PCR strip tubes as described by Lorch et al. (2013) .
IGS analysis, primers and probe.-Complete IGS region was amplified by PCR of gDNA extracted from the type isolate of G. destructans. Amplification primers (synthesized by the University of Wisconsin Biotechnology Center, Madison, Wisconsin) were complementary to the 39-end of the large subunit (LSU) rRNA gene (CNL12: 59-CTG AAC GCC TCT AAG TCA G-39; Anderson and Stasovski 1992) and the 59-end of the small subunit (SSU) rRNA gene (CNS1: 59-GAG ACA AGC ATA TGA CTA CTG -9; White et al. 1990 ). Polymerase chain reaction was conducted per the manufacturer's instructions with TaKaRa ExTaq proofreading DNA polymerase (Clontech Laboratories Inc., Madison, Wisconsin). Reactions included 1 mL gDNA in a volume of 50 mL. Cycling conditions consisted of an initial denaturation at 98 C for 2 min, followed by 35 cycles of 98 C for 10 s, 50 C for 30 s, and 72 C for 4 min, with a final extension at 72 C for 7 min. Full-length amplification product (2793 nt) was directly sequenced in both directions with a primer-walking strategy. Sequencing reactions were run by the University of Wisconsin Biotechnology Center with the BigDye TerminatorH 3.1 system (Applied Biosystems, Foster City, California), and reaction products were analyzed with a 3730xl DNA Analyzer (Applied Biosystems). Complementary strand sequencing reaction results were assembled and edited with SeqMan Pro 9.0.5 (DNASTAR, Madison, Wisconsin). The IGS region sequence with flanking nucleotides from the type isolate of G. destructans is deposited in GenBank (accession No. JX415267).
The IGS region of the type isolate of G. destructans was aligned with IGS region sequences from 34 fungal isolates previously identified as close relatives of G. destructans based on analysis of their ITS sequences (TABLE I; Lorch et al. 2013) . All IGS nucleotide positions were numbered starting with position 1 following the 39-terminal nucleotide of the LSU. A variable region spanning nucleotides 114-310 was identified within the IGS, and specific primers and probe were developed with the sequence generated from the type isolate of G. destructans (FIG. 1) . This region was analyzed with commercial software (Primer Express 3.0, Applied Biosystems), and the following primers and probe were synthesized by commercial laboratories (University of Wisconsin Biotechnology Center and Biosearch Technologies Inc., Novato, California, respectively): forward primer nu-IGS-0169-59-Gd: 59-TGC CTC TCC GCC ATT AGT G -39; reverse primer nu-IGS-0235-39-Gd: 59-ACC ACC GGC TCG CTA GGT A -39; and probe nu-IGS-0182/0204-Gd: 59-(FAM) CGT TAC AGC TTG CTC GGG CTG CC (BHQ-1) -39. To ensure the nucleotide region targeted for primer and probe development did not exhibit intraspecies variability, sequence of the 59-end of the IGS region (622 nt) was determined for nine additional isolates of G. destructans cultured from the skin of bats collected in Connecticut, Massachusetts, New Jersey, New York, Pennsylvania, Vermont, Virginia and West Virginia with primers nu-IGS-0033-59-Gd: 59-TCT CCC ATT AAC TTG CAG GCT AG -39; and nu-IGS-0613-39-Gd: 59-AGT GCC TCT CGC CCT AGA AC -39. The portion of the IGS regions sequenced for all isolates of G. destructans were identical and did not match any other sequences in GenBank, including those of nearneighbor isolates described by Lorch et al. (2013) .
Development of the real-time IGS PCR test.-Real-time IGS PCR (hereafter referred to as the IGS test) was conducted using an ABI 7500 Fast Real-Time PCR system (Applied Biosystems) and commercial master mix (QuantiFast TM Probe PCR + ROX Vial Kit, QIAGEN Inc.) according to the manufacturer's instructions. Standard laboratory practices to avoid cross contamination of samples (e.g. unidirectional workflow) were followed. Each 25 mL PCR reaction contained 12.5 mL 23 master mix, 0.5 mL 503 ROX dye solution, 0.5 mL of each 20 mM PCR primer solution, 0.25 mL 20 mM duallabeled BHQ probe and 5 mL template DNA. A positive control of gDNA from G. destructans and a no-template control were included in each 96-well assay plate. PCR cycling conditions included an initial Taq polymerase activation step of 95 C for 3 min followed by 40 cycles of 95 C for 3 s and 60 C for 30 s. For the purpose of standardization between assays (i.e. IGS vs. ALR), plate runs and sample types (as background fluorescence levels occasionally differed), the threshold baseline was set to 10% of the maximum fluorescence as determined by positive control samples (King and Guidry 2004) . Any reaction that crossed the threshold baseline within 40 cycles was considered positive.
Tenfold serial dilutions 3.3 ng-3.3 ag gDNA from the type isolate of G. destructans were used as template to generate a standard curve. Each dilution of gDNA was loaded in triplicate into a 96-well assay plate and amplified by the IGS test. The lowest concentration of gDNA template that was detected in three out of three replicates (for which the replicates did not vary by greater than one C t value) was identified as the lower detection limit.
To determine specificity of the real-time IGS PCR test, a near-neighbor panel consisting of purified gDNA template from fungal isolates cultured from bats or from soil collected within bat hibernacula (TABLE I; Lorch et al. 2013 ) was diluted tenfold and assembled in a 96-well assay TABLE I. GenBank accession numbers of the rRNA gene internal transcribed spacer (ITS) region and if applicable intergenic spacer (IGS) region of close relatives of Geomyces isolated from caves and mines (Lorch et al. 2013) or from bats (fungal isolates 22984-1-I1, 23014-1-I2, 23342-1-I1) that were used for development and specificity testing of the real-time TaqMan polymerase chain reaction assay. All isolates, including those for which the IGS region was not sequenced, were screened with the IGS test to assess its specificity Fungal isolate Genus
GenBank accession nos. GenBank accession nos.
plate. Triplicate positive and negative controls containing gDNA from G. destructans and no template respectively also were included. To rule out the possibility of PCR inhibition, duplicate samples of three representative gDNA extracts prepared according to Lindner and Banik (2009) were spiked with 33 pg gDNA from the type isolate of G. destructans and amplified by the IGS test. Spiked samples within one C t value of the average C t of identical samples lacking added gDNA were identified as non-inhibitory. Real-time IGS PCR analysis of bat skin samples were compared to histological analyses conducted previously with the same skin samples from bats submitted to the U.S. Geological Survey National Wildlife Health Center for diagnostic testing 2009-2011. Ninety-one bats of 12 species from 57 collection events in 19 states (Alabama, California, Connecticut, Florida, Indiana, Maryland, Maine, Missouri, New Jersey, New Mexico, New York, Ohio, Pennsylvania, Tennessee, Texas, Virginia, Vermont, Wisconsin, and Virginia), both within and outside the known range of WNS at the time of collection, were analyzed. Of these 91 samples, 42 were previously identified as WNS negative and 49 were WNS positive by histology. All tissues were stored frozen at either 220 C or 280 C until extracted with the GentraH PuregeneH Genomic DNA Purification Kit (QIA-GEN Inc.) as described by Lorch et al. (2010) , and the extracted gDNA was diluted 100-fold. To rule out the possibility of PCR inhibition, duplicate aliquots of gDNA from WNS negative skin samples each were spiked with 33 pg gDNA from the type isolate of G. destructans and amplified by the IGS test. Spiked histology-negative skin samples within one C t value of the average C t of the positive controls were identified as non-inhibitory. Triplicate positive control reactions each containing the same amount of gDNA from G. destructans also were amplified.
Comparison of IGS and ALR PCR tests.-A direct comparison of the sensitivity and specificity of the ALR (Chaturvedi et al. 2011) and IGS PCR tests was conducted. Primers for the ALR test were as described by Chaturvedi et al. (2011) , and the probe was synthesized by a commercial laboratory (Biosearch Technologies Inc.) as follows: 59-(FAM) TTC GGC GGC CAG CCG CG (BHQ-1) -39. Reagents, cycling conditions and analyses for the ALR PCR were otherwise as described above. The ALR test sensitivity was compared to that of the IGS test by simultaneously generating two concentration curves in the same 96-well assay plate. The two concentration curves each were prepared in triplicate by serially diluting gDNA from the type isolate, as described above, and each set of serially diluted gDNA templates was amplified with the appropriate primer/probe combination (IGS or ALR) together in the same 96-well assay plate. Because the maximum fluorescence of the ALR assay was lower than that of the IGS assay, the threshold baseline was manually set at 10% of the maximum fluorescence for each respective assay.
The specificity of the ALR test was assessed with DNA templates from the near-neighbor panel as described above. A subset of the diagnostic samples described above also was used to further assess the sensitivity and specificity of the ALR test. These samples included wing skin from 22 bats diagnosed as WNS negative by histopathology and 35 bats diagnosed WNS positive by histopathology. As with all PCR runs, both positive and negative controls were included.
RESULTS
Standard curve.-A standard curve was prepared by PCR amplifying triplicate serial dilutions (3.3 ng-3.3 fg) of gDNA from G. destructans (FIG. 2) . The assay was consistently linear over seven logs with an R 2 value greater than 0.99. Amplification efficiency was calculated as 104.86% (efficiency 5 21 + 10 (21/slope) ). Product also was amplified at the 10 27 template dilution (330 ag) but was not included in the standard curve because it was detected only in one of three replicate samples. Because the 10 26 template dilution (3.3 fg) was the lowest concentration yielding amplification for all three replicates, 3.3 fg gDNA (per 25 mL reaction) was identified as the lower limit of detection.
Near-neighbor screen.-Target DNA was not amplified with the IGS PCR test from any of the 54 fungal isolates designated as near neighbors to G. destructans. Positive and negative controls in this screen performed as expected. Duplicates of three of the samples containing fungal gDNA were spiked with gDNA from G. destructans to test for PCR inhibition. Spiked samples varied by , 1 C t value from identically prepared positive control samples that lacked nearneighbor fungal gDNA, indicating that inhibition did not occur.
Diagnostic screen.-Genomic DNA extracts from 42 wing skin samples previously diagnosed as WNS negative by histopathology all were confirmed negative by the real-time IGS PCR test. Genomic DNA extracts from 49 wing skin samples previously diagnosed WNS positive by histopathology all were positive by the real-time IGS PCR test. To test for inhibition, gDNA extracts from the 42 negative samples were spiked with gDNA from G. destructans and retested by real-time IGS PCR. PCR results for spiked diagnostic samples differed by , 1 C t value from identically prepared positive control samples that lacked wing skin DNA, indicating that inhibition did not occur.
Test comparison.-Sensitivity and specificity of the IGS and ALR (Chaturvedi et al. 2011 ) tests were compared with the ABI 7500 Fast Real-Time PCR system (Applied Biosystems). Using purified gDNA as template, the ALR test consistently detected 330 fg gDNA in all three replicates at its lower detection limit while the IGS test consistently detected 3.3 fg gDNA in all three replicates at its lower detection limit. When amplifying replicate gDNA samples, C t values for the ALR test were on average 7.8 cycles higher than those of the IGS test. When amplifying gDNA extracts from diagnostic samples, both tests responded equivalently with samples from bats determined to be WNS negative by histopathology (no amplification). However, compared to the IGS test, C t values were higher in all instances when using the ALR test to amplify diagnostic samples from bats determined to be WNS positive; C t values for the ALR assay were on average 7.1 cycles higher than those resulting from the IGS assay. In addition, the ALR test yielded false-negative results for extractions from seven of 35 (20%) diagnostic samples determined to be positive for WNS by histopathology. Despite lower sensitivity, the ALR test was equally specific as the IGS test based upon analysis of gDNA extracts from nearneighbor fungi; no amplification of gDNA from the near neighbor panel was detected.
DISCUSSION
As WNS continues to spread across North America, development of enhanced diagnostic tests to detect the causative agent, G. destructans, improves the ability to conduct disease surveillance and provides researchers with needed laboratory tools. We developed a specific and sensitive real-time TaqMan PCR test (the IGS test) to detect DNA from G. destructans by targeting the multicopy IGS region of the rRNA gene complex. The IGS test proved to be specific, agreeing with histopathologic diagnoses for 91 of 91 previously analyzed bat skin samples and appropriately discriminated target DNA from a panel of 54 closely related fungal isolates. In addition, the IGS test was approximately 100-fold more sensitive than a previously published real-time TaqMan PCR test (the ALR test; Chaturvedi et al. 2011).
The IGS region of the rRNA gene complex has been shown to be a useful target for development of PCR tests suitable for identifying fungal species/ subspecies (Radford et al. 1998 , Williamson et al. 2000 , Suarez et al. 2005 , Ló pez-Flores et al. 2008 . Because the IGS region is not transcribed, there may be less selective pressure for conservation of nucleotide sequence yielding high interspecific variability (Hillis, et al. 1991 , Jackson et al. 1999 ). In addition, as a high-copy DNA target (approximately 100-400 copies per fungal genome [Boyle et al. 2004 region offers greater PCR sensitivity compared to single or low copy-number genes. Furthermore, should spontaneous mutation or intraspecific sequence variation occur within a gene, multicopy PCR primer/probe binding sites are less likely to lose primer/probe specificity than are single-copy DNA targets.
To verify suitability of the IGS region as a PCR target for the detection of G. destructans, IGS regions from 10 isolates of G. destructans were PCR amplified. The 59-end (622 nt) of all resulting amplification products were directly sequenced and determined to be identical. Subsequently equivalent partial IGS sequences of two fungal isolates cultured from bats and 32 isolates cultured from soil collected in bat hibernacula and identified as close relatives of G. destructans based on analysis of their ITS sequences (TABLE I; Lorch et al. 2013) were compared. This comparison revealed that, although these isolates exhibited low ITS region variability, there was high variability among analyzed portions of their IGS regions. Based upon this analysis, a variable region within the IGS, downstream of the LSU of the rRNA gene region, was identified for development of primers and probe (FIG. 1) .
The lower limit of detection of the IGS test was 3.3 fg of gDNA per 25 mL reaction, or approximately 0.1 genome equivalents (based on an estimated size of 30.65 Mb for the genome of G. destructans [see http:// www.broadinstitute.org/annotation/genome/Geomyces_ destructans/GenomeStats.html] and the assumption that an average base pair is 650 Daltons). In our laboratory the lower limit of detection of the ALR test was 330 fg gDNA per 25 mL reaction, or approximately 10 genome equivalents. This was higher than the detection limit of two conidia (presumably two genome equivalents) per real-time PCR reaction reported for the ALR test by Chaturvedi et al. (2011) . This disparity could result from differences in the platforms used to conduct the real-time PCR or from discrepancies between using viable conidia as compared to purified gDNA to determine the lower limit of detection. Nonetheless, when compared with standardized methods the IGS test was approximately 100 times more sensitive than the ALR test. This difference in sensitivity most likely results from differences in copy numbers of the DNA targets for each PCR test. Specifically, the IGS test targets the multicopy IGS region, while the ALR test targets the alpha-L-rhamnosidase gene, which presumably exists only as a single copy per genome.
The ALR test (Chaturvedi et al. 2011 ) was specific when assessed against gDNA from the near-neighbor panel. However, the ALR test failed to detect DNA from G. destructans in 20 percent of diagnostic samples previously determined to be positive for WNS by histopathology. In contrast, results of the IGS test for the same samples agreed with the previous histopathology findings. In addition, ALR test samples consistently crossed the threshold baseline approximately seven cycles (approximately two orders of magnitude) behind those of the IGS test. The observed reduced sensitivity of the ALR test compared to the IGS test when analyzing diagnostic samples was consistent with measured differences in lower limits of detection for both tests determined through concentration curve analyses.
Our analyses demonstrate that the real-time TaqMan PCR method described herein (the IGS test) provides a sensitive, specific and rapid tool for detecting DNA from G. destructans. This test thus provides an enhanced tool for both WNS diagnostic investigations and research. Furthermore, by demonstrating the IGS test did not amplify target DNA from closely related fungal isolates cultured from soil collected in bat hibernacula, we show this test likely has specificity sufficient for the analysis of environmental samples.
